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TEGHNICAL NOTE NO. 798

COMPRESSIOF TESTS OF SOME 17S-T ALUMINUM-ALLOY
- SPECIMENS OF I CROSS SECTION

By H. N. Hill
SUMMARY

Specimens- ¢ut from s specially extruded I-beam of
175-T aluminum alloy with one flange wider than the other
were tested under axial compression. The lengths of the

specimens varied from 4 to 90 inches. Only the two longer

speclimens failed as columns; the shorter ones failed by
local buckling.

. The - rgsults, when compared with theoretical wvalues,
showed that the design methods proposed by the Aluminum

Gompany of america are satisfactory. _ -

INTRODUCTION

The strength of a specimen or a member subjected to
an axial compressive force will be governed by some form
of instadility unless the specimen is extremely short or
thick. Extremely short pieces, such as block compression
specimens, may fall by excessive plastic distortion un~
accompanied by buckling. Ingtability in & specimen under
axial compressive load may result in a primary buckling _
failure in which the various cross sections are displaced
relative to each other but in which there is no distortion
in the 'shape of any cross section. This type of failure
includes the lateral and the torsional buckling of col-
umns. On the other hand, instabdbility may be of a part of
the cross section rather than of the member as a whols,
in which case faillure oceurs by local buckling accompanied

by distortion of the -shape of the cross section. Methods =~

are given in reference.l1 for treating both types of fail-
ure in“"the design of aluminum~alloy structures. These

design methods areé based on rational theoreticzl .analyses
of the problems involved and, in most cases, are substan-
tiated by experience and the results of laboratory tests.
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It is always well, however; to éonsider current design
methods in the 1ight of newly acquired experimental evi-
dence.,

The test results discussed in this report were ob-
tained as a portion of a general investigation outlined
for the purpose of studying the compression buckling of
various structural elements.' The investigation included
beam tests as well as end compression tests. The results
of the beam tests have been discussed in reference 2.

The purpose of the present paper is to discuss some
axial compressive tests made on 17S-T specimens of I cross
section, with emphasis on _a comparison of the test reaulte
with current design methods, .

_DESGCRIETION OF SPRECIMENS

. The. specimens were cut from lengths of & specially
extruded 17S~-T I-beam having one flange wider than the
other flange. Table I gives the dimensions of the various
specimensg tested., The dimensions shown in the diagram of
table I are the average of the measured dimensgions for all
specimens in the group. With but ome or two exceptions,
the maximum variation of any individual measurement from
the average value was about 1 percent.

The.ends of all specimené_were carefuily machined 8o
as to be flat, parallel, and normal %o the axis of the
specimen, S - .

Methods of Testing

All the—specimens were tested between fixed heads in
the 40 000~pound cepacity Amnsler testing machine. Lateral
deflections were messured at the middle of each specimen,
the wire-and~mirror—-scale method being used and the mirror:
scale Dbeing fastened to- the narrow flange.

Tensile tests were made on speclmens cut longitudi—
nally from the.web and-.the flange of each extruded length,
Since the investigatlon involved .the behgvior.of specimens
under compressive loads,. knowledgs of the compressive
stress—strain relations of the. material.would be desirable.

- .
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Such information cotld not be
tests on short lengths of the
local buckliag of the web and the flanges at stresses be-
low the yield strength of the material. The pack method
(reference 3) for testing thin-sheet material in compres-—
siorn did not become available until some time after the
completion of the investigation. A sample of only one
extruded length was'then available (length marked V,
tavle II). & pack compression test was made on material
cut longitudinally from the web of this sample.

obtained from compression
sxtruded section because of

Results of Tests

The tensile properties of the material in the various
extruded lengths arée summarized in téble II. The results
of the pack compressive test on the material from the webd
of the extruded length marked V, have been plotted In fig-
unre 1 as a stress—-strain curve. The compressive yield
strength for this material (39,500 lb-per sq in.) was some-
what lower than the tensile yield strength of 45,000 pounds
per square inch given in table II. This difference between
tensile and compressive yield strengths probably results
from stretching the extruded lengths to straighten them.

TABLE II. — TENSILE PROPERTIES OF MATERIAL

[ Specimens cut in longitudinal directidn]

o Spgcimeés.bu$hfrom web Specimens_cut'frbm flange

Length 1T o Ipercent~ ’ ~«fF - -7 7 7 |Percent-

marked| Tensile ‘Yield age of Tensile ;| - ~¥ield . |age of
strength | -strength® |elonge- | strength | stréngth® -|elonga~

’ o tion in |+ =~ - ' tion in
(1b/sq in.)|(1b/sq in.){2 inches!(1b/sq in.)|(1b/sq in.)|2 inches

[
57,690 45,000 18.5 £,320 42 , 600 21.0
58,030 42,400 21.5 58,090 - 41,300 23.0

8Stress at 0.2 percent set.
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TABLE - III. -~ ULTIVMATE FOMPRESSIVE STREHGTH o 178-T

SPECIMENS OF I CROSS SECTION

Ultimate - Ultimate

Specimen L/r load, P stress®, p/a
(11) * (1p/sq in.)

1 194.5 10,175 9,250

2 129.7 21,250 19,130

3 78.0 31,000 28,180

4 52.1 35, 680 32,120

5 26.1 " 36,300 32,560

6 17.5 36,300 33,150

7 8.88 38,470 34,720

a
Because of the proportions of the cross sectlon,

the nltimate stress practically coincided with the
critical stress for the web of the I, for speclmens
that failed by local buckling.

The results of the tests are summarized 1n table III.
Only specimens 1 and 2, which failed primarily as columns,
buckled at average stresses within the elastic range of
the material. Specimens 3 to 7 falled by local bucklilng
of the web and the flange. A load-lasteral deflection
curve is shown in figure 2 for only specimen 2. The other
specimens of this group failed suddenly with no appreci-
able previous lateral deflections having been measured.
No lateral-deflection datea were obtained for syecimens 3
to 7 because the deflections were measured at the middle
of the specimen relative to its ends, whereas failure oc-
curred by buckling of & short lengtk of the web and the
flanges. Not enough lateral-deflection measurements were
taken of specimen 1 to establish a load~deflection curve,

Analysis of Test Results

Only two of the specimens (specimens 1 and 2) failed
primarily as colunmns; the other five failed by local buck~
ling. The end restrmint of a column with flat ends, tested
between fixed heads, is nearly as great as if the ends wers
completely fixed., The critical stress for an axially

L 4
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loaded column that buckles: by bending within the elastic
range o0f the material may be-expressed .

='“23a

A /~-‘ \E . . S .. (1

where P! critical load, pounds -

cross-sectlional area, square inches

o

modulus of elasticity, pounds per square inch

t

length of éolumn, inches ' | ] —*
r least radius of . gyration of.column,'ipches

k¥ coefficient defining the degree of eﬁd restraint
{for round ends, Ik = l; for fixed ends, = %)

A substitution into equation (1) of the expefimentally
determined values of F' for specimens 1 and 2 (table II)
yYields values for the fixity coefficient, k, of 0.54 for
specimen 1 and 0.56 for specimen 2., The column strength
of any of the specimens, witnin the elastic raxnge, may then
be calculated by equation (1) with X = 0.55. If buckling
occcurs within the plastic range of the material, B in
equation (1) is no longer Young's modulus tut is & re-
duced value depéending on the value of the average stress
and to some extent on the shape of the cross section.

(See reference 4, p. 156.) From numerous tests on aluminum-
alloy columns of various cross sections it Ras been defer-
mined that thne behavior within the plastic range can be ap-
proximated by the linear relation between critical stress
and slenderness ratio represented by a straight line tan-
gent to the Buler curve and intersecting the stress axis

at a value determined from the eguation (see reference 5)

B = CYS (1 + SIS} (2)
2000C0

where CYS 1s the compr9351ve yield strength of the materi-
al. '

The formulas given on page 37 of reference 1 for de-
termining the strength of columns of various aluminum
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alloys are based on this relationship. In these formulas
the eritical stress is expressed in terms of the "effective"
slenderness ratio, which is the slenderness ratio, L/r,
multiplied by tke fixity coefficient; k. The Handbook
formula for tue strength of short columns of 175-T, tased
on & typical value of tiwe vompressive yield strength of

the material, ¢YS, of 37,000 pounds per sguare inch, is

XL
=-43,800 -~ 350 — (3)

> |+

The column curves based on this eguation have been rlotted
in figure 3, which also shows the ultimate strength of the
I-shaeped specimens tested. When these test results were
plotted, the slenderness ratio, L/r. for each specimen
was multiplied by 0.55, which is the X value determined
from tests of specimens 1 and 2.

It will be noticed in figure 3 that the experimental
points for the short specimens fall below the column curve.
This lack of agreement may be explained by the fact that
failure in these specimens occurred by local buckling
rather than primarily as a column. The crose sectiomn of
these specimens may be considered as composed of tkin
rectangles. Thse critical stress for a flat rectangular
plate subjected to uniform edge compression in one direc-
tion can be -expressed : :

2
o =K Ly (t—> (4)
cr 1 - b
where S critical stress, pounds per square inch

E modulus of elasticity, pounds per sgusare inch
0% Polsson's ratio
t thickness of plate, inches

b width of plate (normal to direction of stress),
inches o -

K coefficient depending on ratioc of length to
width (L/®) of plate, the mature of restraint
at edges of plate, and 1n some cases on the
Folisson's ratio of the material (reference 6)
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If buckling occurs within the plastic range of the
material, B is not Young!s modulus. - but is @ reduced
value depending upon the average stress. in the plate. In
reference 1 the buckling of flat plates- is handled by ex-
pressing the variables involved in determining the criti-
cal stress in terms of an equivalent slenderness ratio
and then determining the critical stress from a column
curve. Such an expression for equivalent slenderness
ratio can be obtained by equating P/A in equatlon (1)
and 0,,. 1in equation (4). The equivalent slende“ness-

ratlio may then be expressed

NON- ORI U

. ~

A comparison of the relative stability of the web
and the wide flange of the I-section indicates that local
buckling would first occur in the web. If it is assumed
that tone Jjuncture between the web and the flange repre-
sents a supported ‘edge, the formulas given on page 41 of
reference 1 are for the equivalent slenderne;s réffo of
the webd

KT b
t

PRY

0

.Inasmach as. the b/t for the wedb is 33.1 and for the
wide flange is 9.8, the eguivalent slenderness ratio. values
are 54,6.and 47. 4, respectively, for the web.and the flange.
The element-witn the. greater equivalent glenderness ratio
will ouckle at the lower stress. Since. there is so little
difference in strength between the web and the ’langes,
buckling of the wed will be accompanled by - redistribu—
tion of. strees that will result.in buckling of the flanges.
Consequently, complete failure may be expected at a load
very little greater. than that at which the webd buckled.
This result is particularly true if. the buckling stress
for the wed ls in the plasific range. of the material, as
was the case. .in these tests.. For practical purposes, the
ultimate. load may then be considered as the load that
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produced bduckling of the web, The condition of restraint
at the edges of the weh lies somewhere between: supcortéd
"and’ fixed.' For the case in which the ' unloaded edges are
"Built in (fixed), the Handbook gives for-the eguivalent
slenderness ratio (reference 1, p. 41) -

Since the fatio,. b/t, is 32.1, the egquivalent slender-
ness ratio for this case is 41.4.

In figure 3 are drawn horizontal lines that inter-
sect the column curve at points corresponding to kL/r
values of 41.4 and 54.6. These lifjes represent the crit-
icel stress for the method of calculation given in refer-
ence 1 for the extreme conditions of edge restraint. The
lines are horizontal because the formulas given in the

.  Handboolk assume that the critical stress is independent

" of the length of" the membter. |

. It will be noticed in figure 3 that the test results
gave higher values for local buckling than those repre-
sented by either Lorizontal line.' This discrepancy can
be partly accounted for by the fact that the column curve
of figure 3 is based on a typical value of the compres-
sive yield strength of the material, C€YS, of 37,000
pounds per square inch; whereas, the yield strength deter-
mined from a pack compression test on'the material from
the wedb was 39,500 pounds per square inch (fig. 1). Yo
compressive stress-strain curve for the material from
length W Dbeing available, it willl be assumed that the
curve of figure 1 is representative of this material,

In figure 4, the calculated values have been obtained
in the same manner as for figure 3 except that the column
curve has been adjusted to be compatible with a compres-
sive yield strength of 39,500 pounds per sguarsé inch. The
buckling stress for the short specimens is still slightly
higher than corresponding calculated values determined ac-
cording to the. Handbook formulas, even vhen complete fix-
ity of the unloaded edges was assumed.1n the calculatians.

It may be notlced in flgure 4 that the points repre-
senting the test results indicate an'increase in'the buck-
ling stress accompanying a decrease in length of the sy ec-
imen, wheréas the calculated curves in this reglon are
horizontal lines. The formulas for eguivalent slenderness
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ratio given in reference 1l .,are intended for design pur-
poses and are based on, the assumption that the loaded
edges are simply supported. In such a case, the criti-
cal buckling stress for a plate supported-or fixed along
the unloaded edges is independent of the ratilo of length
to width, L/b for values greater than 1 or 0.65, rTe-
spectively. (See reference 56.) The.L/b ratio for the
shortest I-shaped specimen tested was 0.97.

Since the specimens were tested between flat heads, - ™.
the loaded edges of the wed may be considered as very -
nearly fixed. In such a case, the buckling strength is
not independent of the length of the specimen, the K
value for equation (4) increasing appreciably for L/b
ratios less than about 3. (See reference 6.) In figure
5, the portions of the curve representing calculated
values for the critical streés in local buékling have
been obtained by determining equivalent slenderness ra-
tios from equation (5), values of K corresponding to
the L/b ratios of the individual spec1mens being used.
Although the experimental points are still slightly
higher than the calculated curves, there is good agree-
ment between the shape of the calculated curves and that
defined by the points representing test results.

The equivalent—slenderness-ratio method of handling
buckling of flat plates is known to give comnservative
results for buckling in the plastic range of stresses. 4
more accurate means of calculating the critical stress
for buckling of flat plates beyond the elastic range 1is
to use for E® in equation (4) some reduced modulus value, : R
EF’ varying with the average stress and determined from

a stress—strain diagram of the material. A theoretically
determined value for EF will depend on the assumptions

made in the derivation. In the case of an axially loaded
straight rectangular column, the efféctive modulus may be
defined by the equation (reference 4, p. 159) '

4E8

? ,R"<V@;+'di;>2

where Xg 1is the modulus of elasticity at stress, 0O.
(slope of stress-strain diagram at this stress).

In the buckling of flat plateérsubjeéted to edge com-
pression in one direction, stresses occur in a direction
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normal to that of the applied force. The effective modu~
lus value applicable in thies case depends on what effect
plastic action in the direction of the applied force has
on the resistance of the material to stresses normal to
this direction. -(See refersnce 4, p. 384.) If it is
assumed that the material remains isotropic, the effec~-
tive modulus value is the B of equation (8). If it is
assumed that plastic action By the direction of applied
force does not affect the resistance at right angles, the
effective modulus value becones JEER.- The actual be-
havior lies somewhere between these two extremes. An
average value is sometimes used. The'aésumption of 1so-~
tropic action is obviously on the conservative side. 1In
figure 6, the solid pértions 6f the calcunlated curves
representing-local buckling have been-determined by using
equation (4), replacing E by - ER es'obtained by apply-
ing équation (6) to the stress-strain diagram of figure 1.
The dotted curves representing local buckling are based on
affective modulus values determined from the equation

3+«/

.E = B RE . (7)

The points representing test results fall between the
curves for the two extreme conditions of restraint at the
unloaded edges, that is, fixed and simply supported.

The relations bétween stress and effective modulus,
for the stress~strain diagram of figure 1, are shown in
figure 7. In the determination of the critical stress
for buckling in the plastic range, B, must be substi-

tuted for E 1in-. equation (4). The value of Bp used,
however, must agree with the value of Gcr determined
from the equatiqn.. The equation can be éolved directly

if a curve is plotted showing the relation between the
stress, o, ‘and the ratio, =E /G (The direct deter-

mination of the critical'stress.when in the plastic range
is accomplished in a slightly different manner in refer-
ence 7.) Since equation (4) can be written

E_ . /b o
—?-—=<1-u>L—)— o (8)

Ter E
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the ratio, EF/Gcr' can be calculated, and a correspond-

ing value of C,, ¢a1 then be obtained from the curve.
Such curves showing the relation detween ¢ and EF/U

have been plotted in figure 8 for the stress-wmodulus
curve of figure 7.

COXCLUSIONS

From a study of the agreement between experimentally
determined values of critical stress for buckling of the
thin web of an I~beam in edge compression and correspond-
ing values calculated in various manners (f igs. 3 to &),
it is evident that the methods of calculation given on
page 41 in reference 1 give values that would dbe satis-
factory for design purposes, The sssumption tkat the
critical stress for the wed is independent of the length
of the specimen and the equivaleat-slenderness-ratio
method of hendling buckling in the plastic range voth
give results tha% are slightly corservative. The agree-
ment between experimental and calcuvlated values of criti-
cal stress can be improved by considering the effect of
the restraint at the loaded edges of the web and adopting
a more azccurate treatment for buckling beyond the elastice
range.

Aluminum Researck Laboratories,
Aluminum Company of Amsrica,
¥ew EKensington, Pa., September 5, 1940.
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Table 1.~ Dimensions of specimens

2.4720 ——
7‘ NS
T

1 S
0.126"
—>f < 0.128"
4, 4934
0.126"
JAG ¢
y l A
i !
Spec- Length Area
imen no. (in.) (sq in.)
1 90.047 1.100
2 60.031 1.111
3 36.094 1.100
4 24,109 1.111 h
5 12.078 1.115
6 8.094 1.095
7 4.109 1.108

Average 1.106

Average radius of gyration = 0.463 ‘inch
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Compressive stress,lb per sq in.
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Figure l.- Compressive stress-strain curve for 173-T aluminum

alloy extruded I-beam.
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Figure 2.- Load-lateral Aeflection curve for specimen 2
of 175-T7 aluminum alloy.
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Stress,lb/sq in.

Plg.7
44,00 \ \\
N \\(,,»EF =L (mp +EER)
40,000 \—\ <
=N\
N \\ |
36,000 \\ N
\\\
32,000 '\\\\\\
N\
28,000 \ w\
24,000 \\\
20,000
16,000
, g 4 6 - 8 10%x106
Modulue, Ep

Flgure 7.~ Stress-modulus, Ef, curve for strees-strain diagram

of figure 1. 175-T aluminum alloy,
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